The receptor for activated C-kinase (RACK1), a conserved protein implicated in numerous signaling pathways, is a stoichiometric component of eukaryotic ribosomes located on the head of the 40S ribosomal subunit. To test the hypothesis that ribosome association is central to the function of RACK1 in vivo, we determined the 2.1-Å crystal structure of RACK1 from Saccharomyces cerevisiae (Asc1p) and used it to design eight mutant versions of RACK1 to assess roles in ribosome binding and in vivo function. Conserved charged amino acids on one side of the ␤-propeller structure were found to confer most of the 40S subunit binding affinity, whereas an adjacent conserved and structured loop had little effect on RACK1-ribosome association. Yeast mutations that confer moderate to strong defects in ribosome binding mimic some phenotypes of a RACK1 deletion strain, including increased sensitivity to drugs affecting cell wall biosynthesis and translation elongation. Furthermore, disruption of RACK1's position at the 40S ribosomal subunit results in the failure of the mRNA binding protein Scp160 to associate with actively translating ribosomes. These results provide the first direct evidence that RACK1 functions from the ribosome, implying a physical link between the eukaryotic ribosome and cell signaling pathways in vivo.
Cells alter protein synthesis in response to stimuli whose effects are transmitted through established cell signaling pathways. Although the mechanisms of signal transduction to ribosomes remain unclear, the receptor for activated C-kinase (RACK1) has emerged as a possible molecular link that connects the signaling and translation machinery. RACK1, a highly conserved homologue of the ␤-subunit of heterotrimeric G proteins, was first identified over a decade ago as an anchoring protein for protein kinase C (33) . Implicated as a scaffold in PDE4D5-and Src kinase-based signaling pathways (28) , it functions in diverse developmental processes, such as sexual differentiation in Schizosaccharomyces pombe (29) and the control of cell proliferation in Drosophila melanogaster (26) . The more recent discovery that RACK1 is a core component of the eukaryotic 40S ribosomal subunit (20, 24, 32) suggested that its signaling functions might directly influence the efficiency and specificity of translation.
In support of this possibility, cryo-electron microscopy (cryo-EM) studies showed that RACK1 binds the 40S subunit near the mRNA exit tunnel in a location that is conserved from yeast to humans (35) . The cryo-EM data verified RACK1's architecture as a seven-bladed ␤-propeller and positioned the protein on the ribosome in such a way that much of its surface is exposed and available for interaction with other proteins and ligands. These structural data are consistent with the hypothesis that RACK1 might assemble signaling or other regulatory complexes directly on the ribosome (31) . Indeed, various functions for RACK1 at the ribosome have been proposed, including roles in 40S and 60S subunit joining (8) , the regulated translation of specific mRNAs (6, 36) , and the localization of ribosomes for translation at specific sites within the cell (9, 10) . Despite this abundance of hypothetical roles, the functional significance of RACK1 localization on the ribosome remains speculative.
Here, we provide the first experimental evidence that RACK1's position at the ribosome has biological importance in vivo. We determined the crystal structure of the full-length Saccharomyces cerevisiae RACK1 ortholog, Asc1p (henceforth RACK1), at 2.1-Å resolution. Using this structure and the cryo-EM model of the protein on the 40S ribosomal subunit, we analyzed the putative RACK1-40S subunit interface and generated eight RACK1 variants that have differing effects on ribosome binding in vivo. We show that yeast strains harboring even the most severely binding-defective RACK1 mutant fail to exhibit all of the phenotypes associated with RACK1 deletion. However, the efficiency of RACK1 binding to ribosomes correlates with a subset of growth behaviors observed for RACK1 deletion strains. These results indicate that although not required for all RACK1 activities, localization at ribosomes is integral to some aspects of RACK1 function.
MATERIALS AND METHODS
Plasmid construction. To generate pRS316-RACK1, we cloned the yeast RACK1 (Asc1p; Stanford Yeast Genome Database sequence for YMR116C), including roughly 500 nucleotides upstream and downstream of the genomic sequence, into pRS316 (a yeast self-replicating plasmid [37] ) as a PCR-generated SacII/XhoI fragment. PCR-mediated site-directed mutagenesis on this vector was used to make individual point mutants or to replace loops or insertions with a glycine linker. Integrating plasmid versions of these constructs were made by subcloning the SacII/XhoI fragments from the pRS316 vector into the integrating vector pRS306 (37) . An intronless RACK1 construct derived from pRS316-RACK1 was used as a template to clone RACK1 as an SfoI/XhoI PCR fragment into the His 6 -maltose-binding protein (MBP) fusion expression vector pSV272 (a gift of Ian MacRae) for protein expression.
RACK1 expression and purification. A selenomethionyl derivative of the full-length yeast orthologue of RACK1, Asc1p, was expressed in BL21(DE3) Escherichia coli cells as a His 6 -MBP fusion protein using the pSV272 vector (a gift from Ian MacRae) and standard techniques. Briefly, cells were grown in M9 minimal medium supplemented with kanamycin to an optical density (OD) of 0.5, at which point amino acids were added to inhibit methionine biogenesis and allow for selenomethionine incorporation (Leu, Ile, and Val at 50 mg/liter; Phe, Lys, and Thr at 100 mg/liter; selenomethionine at 75 mg/liter). After 20 min, expression was induced by the addition of isopropyl-␤-D-thiogalactopyranoside to a concentration of 1 mM and cells were left shaking at 37°C for 5 h.
The His 6 -MBP-RACK1 protein was initially purified using Ni-nitrilotriacetic acid affinity chromatography followed by cleavage of the His 6 -MBP tag with tobacco etch virus protease. The resulting mixture was applied to a Ni-nitrilotriacetic acid chromatography column once again; the flowthrough contained large amounts of very pure, untagged RACK1. Depending on the purity at this step, the protein was either used directly for crystallization or was further purified by additional MonoQ and size exclusion column chromatography.
Crystallization and structure determination. Purified RACK1 was dialyzed into buffer containing 10 mM Tris, pH 7.4, and 1 mm dithiothreitol and concentrated to 8 mg/ml. The protein was crystallized using the hanging drop vapor diffusion method, combining 0.55 l of recombinant protein with 0.55 l of a reservoir solution containing 13.3% polyethylene glycol 2000-monomethyl ether, 22 mM MnO-acetate (Ac), and 100 mM NaOAc. Clusters of large needles grew within 1 to 5 days. These clusters were transferred from the hanging drop to a 2-l drop of the mother liquor and agitated gently to obtain single crystals. The crystals were flash-cooled in cryo-protectant solution consisting of 4 parts mother liquor and 1 part 100% ethylene glycol and mounted for subsequent analysis.
We had previously attempted unsuccessfully to solve the structure of the yeast RACK1 by molecular replacement using a 3.2-Å diffraction data set obtained from native crystals. These crystals appeared to belong to the I4 1 space group and were predicted to contain two copies of RACK1 in the asymmetric unit. Although molecular replacement solutions using several different ␤-propeller structures were obtained, none could be refined. We originally attributed this to difficulties in correctly placing the molecules, given the low resolution of the data set and the sevenfold pseudosymmetry of the search model. Attempts to resolve the phase problem using a highly redundant data set measured from a selenomethionyl derivative for single-wavelength anomalous dispersion analysis revealed that the crystals were not I4 1 but monoclinic (C 2 ) with pseudotetragonal symmetry. With the space group correctly assigned, a complete 2.1-Å data set was measured from a well-diffracting selenomethionyl-derived crystal and processed and scaled with XDS and XSCALE (21) . Molecular replacement with Molrep (42) using a polyalanine derivative of the yeast G␤ protein (PDB entry 1GOT) as a search model successfully identified four copies of the protein in the asymmetric unit and produced high-quality electron density maps. The original search model was then discarded and the Phenix AutoBuild package (2) was used to build as much of the molecular model as possible. The remaining parts of the model were hand-built using Coot (15) . The structure was refined using Phenix to R and R free values of 19.4% and 23.9%, respectively; the final model consisted of four chains containing residues 4 to 159 and166 to 318, 1 to 159 and 166 to 319, 5 to 159 and 166 to 318, and 2 to 159 and 166 to 319.
Construction of RACK1 yeast mutants. RACK1 mutants were derived from a ⌺1278b yeast strain (MATa ura3 leu2 trp1 his3). A RACK1 knockout was made using PCR-based gene manipulation methods (25) . Transformation of ⌺1278b-RACK1⌬ with the pRS316 replicating plasmid containing either wild-type or mutant versions of RACK1 yielded strains harboring mutant forms of the protein. As invasive growth assays are not robust on synthetic media, we also generated RACK1 mutants by replacing the endogenous RACK1 locus with the mutant one. This was done by incorporating the mutant at the endogenous RACK1 locus of ⌺1278b using the integrating plasmid pRS306 containing the desired mutant and selecting on synthetic defined medium lacking uracil (SCDUra) followed by counterselection on 5-fluoroorotic acid as described elsewhere (4) . The integrity of the mutant locus was verified by sequencing.
Preparation and fractionation of polysomes. Polysomes were prepared as described previously (7) . Briefly, a 500-ml culture of cells was grown to an OD 600 of 1.0 and transferred into prechilled centrifuge bottles containing 2 ml of 10-mg/ml freshly made cycloheximide. Cells were harvested and washed twice in lysis buffer (20 mM HEPES-KOH, pH 7.4, 2 mM MgOAc, 100 mM KOAc, 0.1 mg/ml cycloheximide, 3 mM dithiothreitol) and transferred to 50-ml Falcon tubes. Pellets were resuspended in 1.5 ml lysis buffer plus 0.2 U/l RNasin per gram of cell pellet, and then 5 g of class beads per gram of cell pellet was added.
Cells were lysed by vortexing for 2 min. The crude extracts were spun at 10,000 rpm in a microcentrifuge at 4°C for 20 min, and the resulting supernatant was flash-frozen and stored at Ϫ80°C for subsequent analysis.
To fractionate, 10 OD 260 units of polysomal extract was applied to an 11-ml 10 to 50% sucrose (in lysis buffer) gradient. The gradients were spun in a Beckman ultracentrifuge using the SW41 rotor at a speed of 40,000 rpm for 1 h 45 min. The resulting samples were fractionated using Fluorinert and visualized using a UA6 UV/Vis detector. Fraction (750 l) were collected and used either directly for analysis (for RACK1 Western blot assays) or concentrated (Scp160 Western blot assays) by trichloroacetic acid and acetone precipitation followed by resuspension in 75 l of 1ϫ sodium dodecyl sulfate (SDS) loading buffer.
Western blot assays. Samples were separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a polyvinylidene difluoride membrane, blocked in 5% milk in Tris-buffered saline with Tween (TBS-T; 20 mM Tris-HCl, pH 7.4, 500 mM NaCl, 0.05% Tween 20) for 30 min, and then incubated with primary antibody at 4°C overnight. A 1/10,000 dilution of rabbit anti-RACK1 (prepared by our lab) or a 1/3,000 dilution of rabbit anti-Scp160p (gift of Matthias Seedorf) in TBS-T was used for the primary hybridization. Membranes were subsequently incubated with horseradish peroxidase-conjugated secondary anti-rabbit antibody (Sigma) at a 1/10,000 dilution for 1 hour and detected with Amersham chemiluminescent reagents. Western blots were quantified using ImageJ (1), and in each case a cross-reacting, unrelated band was used for normalization between lanes when necessary.
Yeast phenotyping. With the exception of determining growth rates in rich media and invasive growth, all yeast phenotypes were determined using "frogging assays" conducted by plating serial dilutions of RACK1⌬ yeast strains carrying a wild-type or mutant RACK1 on the pRS316 replicating plasmid onto SCD-Ura solid medium supplemented with various chemical compounds. The concentrations used were 2.5 mM potassium disulfite, 9 nM rapamycin, and 25 mg/ml calcofluor white. Plates were inspected periodically over the course of a week to determine the phenotypes. For invasive growth assays, strains in which the endogenous copy of RACK1 were replaced with a mutant one were used. Cultures were spotted onto yeast extract-peptone-dextrose (YPD) plates and allowed to grow for 1 to 5 days before assaying using a standard plate washing technique (34) .
RESULTS
Crystal structure of RACK1. We determined the crystal structure of the full-length yeast orthologue of RACK1 (Asc1p) at 2.1-Å resolution by molecular replacement using a polyalanine derivative of the yeast G␤ protein (22) (PDB entry 1GOT) as a search model. The asymmetric unit contained four copies of RACK1, and excellent electron density was observed for the entire main chain in each copy except in a small disordered loop region spanning residues 160 to 166. The yeast RACK1 (PDB entry 3FRx), like the recently solved Arabidopsis thaliana RACK1-MBP fusion structure (41) , is a markedly asymmetric seven-bladed ␤-propeller ( Fig. 1A) with two notable large loop insertions, one occurring between blades III and IV and the other between blades VI and VII (Fig. 1B) .
While the majority of our structure agrees with previous models for yeast RACK1 obtained either computationally (39) or by cryo-EM (35) , the data reveal several unique structural features that had not been predicted. Although the overlap between the main chain of the crystal structure and that of the cryo-EM homology model (PDB entry 1TRJ) is good (C-␣ root mean square deviation over residues 1 to 159, 167 to 275, and 287 to 319 of 1.29 Å) throughout most of the seven blades, we observed a striking reorganization of the N and C termini in our structure from what was expected based on modeling. The homology model derived from G␤ predicted that the closure of the propeller would be mediated by the N terminus, which in G␤ forms a ␤-sheet with a portion of the C terminus in blade VII before extending toward blade VI, where it forms a ␤-sheet between blades I and VI. Our structure shows that the VOL. 29, 2009 RACK1 FUNCTIONS AT THE RIBOSOME 1627 closure of the propeller does not involve the sixth blade, and instead the N terminus engages the C terminus exclusively in a ␤-sheet (Fig. 1A) . Consequently, this portion of the protein does not wrap around the perimeter of the propeller neatly as in G␤ but instead bulges dramatically out and away from the rest of the propeller to create a protruding surface unique to RACK1 (Fig. 1C) . We also found that the large insertion between blades VI and VII-previously modeled as an unstructured, extended loop-actually folds into a well-ordered knob-like structure. Density for the main chain and many of the side chains was easily visible in all four copies in the asymmetric unit, and the resulting loop model could be refined well with reasonable temperature factors (average B-factor including side chains, 37.8 Å 2 ). Furthermore, this structured knob did not participate in extensive crystal contacts. Inspection of the knob showed that the structure is stabilized through the sandwiching of Phe278 between two conserved prolines (Pro276 and Pro287) that flank the insertion as well as an edge-face -interaction between Tyr281 and Phe278 (Fig. 1D) . Although Phe278 is only somewhat conserved between yeast and other eukaryotes and Tyr281 appears exclusive to fungi (unpublished data), an insertion of some sort at this position is universal among RACK1 sequences. This observation suggests that this loop may be an evolutionarily conserved feature of RACK1 with potential functional significance.
Phylogenetically conserved charged amino acids confer high-affinity binding of RACK1 to 40S subunits in vivo. To test the biological role of RACK1's localization at the ribosome, we first sought to generate mutant forms of RACK1 that would fail to associate with ribosomes in vivo. We designed a suite of RACK1 mutants that were predicted to disrupt ribosome binding based on both the RACK1 crystal structure and a previous cryo-EM model of RACK1 bound to the 40S ribosomal subunit. The orientation of the RACK1 homology model in this cryo-EM structure had originally been determined by placing the region of the protein predicted to break the seven-fold symmetry of the ␤-propeller (the loop insertion in blade III) into an asymmetric region of the cryo-EM density (35) . Given the additional asymmetries we observed in the RACK1 crystal structure, we examined other possible orientations of RACK1 in this density but found that the original orientation produced the most plausible interface between RACK1 and the ribosome.
Superimposition of our crystal structure onto the 11.7-Å cryo-EM model places RACK1 at the head of the 40S ribosome near the mRNA exit tunnel, as originally proposed (Fig.  2A) . The only portion of the 40S subunit that is close enough Stick diagram of the structured knob region of the RACK1 structure with the corresponding 2F obs -F calc electron density map shown contoured at 1.0 sigma. All ray-traced images were generated using MacPymol (13) . Surface electrostatics were also calculated by using MacPymol. The conservation heat plot of the RACK1 surface was generated by using ConSurf (3) using a multiple sequence alignment we generated (unpublished data) using MUSCLE (14) .
to RACK1 to anchor it to the ribosome are helices 39 and 40 of the 18S rRNA. The residues along the interface between these rRNA helices and RACK1 are well-conserved (Fig. 2B) , and inspection of the surface electrostatic potential of RACK1 along this interface reveals several patches of positive charge generated by basic residues (Fig. 2C) . Previous work showed that at least one pair of these basic residues (Arg38 and Lys40) contributes to RACK1's affinity for ribosomes in vitro (35) , suggesting that these basic residues could mediate ribosome binding by interacting with the negatively charged backbone of the rRNA.
To examine this possibility more thoroughly and in an in vivo context, eight RACK1 mutants, consisting of point mutations or small deletions, were generated in a yeast self-replicating vector under the control of the native RACK1 promoter. Transformation of these constructs into RACK1⌬ yeast strains generated strains harboring mutant forms of the protein. The relative amount of free RACK1 versus RACK1 bound to ribosomes could then be measured by determining the relative distribution of the protein by Western blotting of polyribosomes isolated from log-phase cell cultures (Fig. 3A) . In wildtype cells, the majority of RACK1 is bound to ribosomes and appears in fractions as heavy or heavier than 40S subunits; only a small fraction appears in the lighter, mRNP-containing fractions. In contrast, RACK1 mutants that have binding defects shift out of ribosomes and into the lighter fractions.
The RACK1 mutations we tested were expressed at nearly the same level as the wild-type protein, as determined by Western blotting of total cell extracts with a polyclonal antibody, but they had varied effects on polyribosome association (Fig. 3B) . Mutations in basic residues lying along the interface between RACK1 and the rRNA (Arg38, Lys40, Lys62, Lys87, Arg90, and Arg102) disrupted the protein's ability to associate with ribosomes in vivo, consistent with the previous report of a RACK1 mutant affecting ribosome binding in vitro (35) . In contrast, neither a mutation on the opposite side of the protein (Loop⌬) nor mutation of uncharged residues along the rRNA interface (65-67⌬) produced a binding defect. This suggests that the predicted location of the ribosome binding interface is correct and implicates positively charged residues as critical mediators of the interaction. Although the surprisingly structured knob (residues 277 to 286) lies along this binding interface, neither deletion of the entire knob (Knob⌬) nor mutation of the highly conserved basic residue (K285A) at the tip of the knob had consequences for binding.
The most substantial binding defects were observed for mutations lying at the center of the of the platform generated by the junction between helices 39 and 40 (Arg38 and Lys40) (Fig.  3C) . Mutations slightly further away from this central location (Lys62, Lys87, Arg90, and Lys102) but still lying on the interface produced less severe binding defects, and the mutations along the interface most distal to this central location (Knob⌬ and Lys282) did not show a detectable binding defect. Together, these data clarify the RACK1-40S binding interface, confirming that RACK1 is anchored to the ribosome at the center of the rRNA platform by the universally conserved residues Arg38 and Lys40 and implicating other nearby basic residues in assisting in the interaction. RACK1 has both ribosome localization-dependent and -independent functions in vivo. Although RACK1 is involved in a number of cellular processes, the biological function of RACK1's position at the ribosome has not, until now, been explored. Our study of the RACK1-40S binding interface generated several RACK1 mutants whose ability to associate with ribosomes was compromised in vivo, providing us with the tools to address this issue directly.
We investigated the possibility of biological functions for RACK1's localization at the ribosome broadly by using a topdown approach to test our entire library of mutants for a number of phenotypes associated with a RACK1⌬ strain. Some of the phenotypes we chose to test were related to specific proposed aspects of RACK1 function in yeast, such as cell wall maintenance (sensitivity to calcofluor white) (5), glucose sensing (invasive growth) (43, 44) , and amino acid starvation and translation (sensitivity to rapamycin) (16, 17) , while other phenotypes were more general.
We observed three categories of behavior of our RACK1 mutant strains (Fig. 4) . Regarding growth on rich medium (YPD) or synthetic medium (SCD-Ura) or the capacity to undergo haploid invasive growth, all of our RACK1 mutant strains behaved like wild-type cells. Because the RACK1⌬ strain grows slowly on rich or minimal medium and is incapable of invasive growth, these observations suggest that the presence of RACK1 but not its localization is important for these behaviors. A second category of behavior resulted from exposure to potassium disulfite or rapamycin, where pheno- types were observed but did not correlate with RACK1 localization. In these cases, specific sites of RACK1 mutation rather than its association with the ribosome are important. A third class of behavior was observed upon exposure to calcofluor white, in which a clear correlation with the RACK1-ribosome association was apparent. This phenotype indicates a ribosome localization-dependent function for RACK1.
Calcofluor white is a blue, fluorescent dye that binds to chitin in the yeast cell wall (12) . When grown on synthetic medium containing calcofluor white, wild-type cells appear white while cells with elevated levels of chitin become blue. RACK1 is implicated in cell wall maintenance in yeast, showing a physical interaction with the cell wall remodeling protein Knr4p (5) as well as genetic interactions with a number of chitin synthase genes (40) . Consequently, a RACK1⌬ strain exhibits elevated levels of chitin (23) , and thus these cells appear blue when grown in such media (Fig. 4) . We observed that cells harboring the RACK1 mutant with the strongest binding defect (R38D K40E) appeared as brilliant blue as RACK1⌬ cells and that those expressing mutants with intermediate binding defects (K87A R90A and K62A) were also blue. In contrast, cells expressing the R102A mutant, which had the weakest 40S subunit binding defect, appeared as white as the wild type. Similarly, cells expressing the four other RACK1 mutants, none of which displayed a ribosome binding defect, also produced colonies of similar color to wild-type cells. Thus, the calcofluor white phenotype associated with RACK1⌬ depends on proper localization of RACK1 at the ribosome.
We also wanted to test the proposed function of RACK1 as a ribosomal scaffold by directly testing its hypothetical role in the delivery of the yeast vigilin homologue Scp160 to actively translating ribosomes (Fig. 5) . Previous studies had shown that Scp160 associates with polysomes in close physical proximity to RACK1 and that this association is compromised in RACK1⌬ strains (6) . However, whether this association actually depends on RACK1's localization at ribosomes or is a consequence of downstream effects resulting from the deletion of the protein has not been formally addressed. To distinguish between these two possibilities, we examined the polysome association of Scp160 in a strain of yeast carrying the RACK1 R38D K40E double mutation, which had the most substantial ribosome binding defect that we observed. In wild-type cells, Scp160 was found to be ϳ100% associated with polyribosomes as detected by Western blotting (Fig. 5) . In contrast, cells expressing the RACK1 R38D K40E mutant protein contained a small but significant (ϳ25%) fraction of Scp160 in nonribosome-associated fractions. As ϳ13% of RACK1 is ribosome associated in the R38D K40E mutant (Fig. 3B) and RACK1 is estimated to be present in an 8-to 15-fold excess over Scp160 in cells (27) , we had anticipated that most of the Scp160 would still be able to associate with polysomes and only a minority would appear in the lighter fractions. Thus, the shift we observed in strains harboring the RACK1 R38D K40E mutant is entirely consistent with the hypothesized role of RACK1 as a scaffold for Scp160 at the ribosome. 
DISCUSSION
The direct modulation of protein synthesis in response to environmental signals is central to cellular regulation, yet the mechanisms by which external signals are transmitted to the translation machinery are only beginning to emerge. More than a decade of research has established RACK1 as a key player in multiple signaling pathways; its recently discovered role as a core component of the 40S ribosomal subunit has raised the exciting possibility that RACK1 connects the signaling and translation machinery in the cell. However, the majority of research on RACK1 to date has addressed either its function in signaling or its potential activities as a ribosomal protein, but not both.
In this investigation, we aimed to determine the function of RACK1 localization at ribosomes directly. Aided by the highresolution crystal structure of RACK1 obtained in this study, we constructed strains of yeast in which RACK1 binding to ribosomes was compromised. Our discovery that some, but not all, of the phenotypes associated with RACK1 deletion were reproduced in strains defective for the RACK1-ribosome association suggests that RACK1 plays specific, rather than general, roles in translational control. These findings underscore the importance of considering RACK1's ribosome localization when investigating its function in signaling pathways.
RACK1 structural analysis reveals a conserved surface for ribosome binding. The crystal structure of RACK1 showed that its overall seven-bladed ␤-propeller architecture is markedly asymmetric and deviates substantially from the prototypical G␤-like structure. These asymmetries arise from an unusually intimate and extended closure of the propeller between the N and C termini as well as a large, structured insertion in the sixth blade. Additionally, the loop insertion between blades III and IV, which is disordered in our structure, likely contributes additional asymmetry to RACK1. In ␤-propeller proteins, accessory loops or unusual surfaces often serve as platforms for interaction with other proteins (11, 30, 38) . Thus, the identification of such features may prove helpful in predicting binding sites for RACK1 interaction partners.
Our own modeling efforts combining the crystal structure with a prior cryo-EM model of RACK1 on the 40S ribosomal subunit showed that a cluster of positively charged and conserved RACK1 residues positioned near the junction of helices 39 and 40 of the 18S rRNA creates a high-affinity platform for the phosphate backbone of the rRNA. Although mutational analysis implicates these positive charges as critical for RACK1 binding to ribosomes in vivo, we anticipate there are other features of the interaction as well. There is likely a nonionic component of the interaction, as RACK1 binding is resistant to high-salt washes in vitro (19) . Additionally, it is not yet clear how RACK1 specifically recognizes helices 39 and 40 of the 18S rRNA, as opposed to other RNAs.
Other conserved features, like the large structured knob (Fig. 1D) , did not contribute to RACK1's affinity for ribosomes but did lie along the RACK1-40S interface. This could indicate that the knob is a platform for recruiting specific proteins to this particular position on the ribosome or that there may be a function of this structure unrelated to the ribosome or translation that is sequestered when RACK1 is bound to the ribosome.
How might RACK1 localization at ribosomes contribute to its function in vivo?
Using the mutants created in this study, we identified a subset of RACK1's functions for which ribosome localization was critical. The sensitivity of yeast to staining by calcofluor white and the ability of Scp160 to associate with polysomes both exhibited a clear dependence on RACK1's positioning at ribosomes, while sensitivity to other toxins like rapamycin and potassium disulfite appeared to be a consequence of particular RACK1 mutations rather than of RACK1's ribosome localization.
There are two plausible, but very different, explanations for a ribosome localization-dependent function of RACK1. At one extreme, RACK1 might not have any function at the ribosome directly. Instead, the ribosome serves as a place to sequester RACK1 in a nonfunctional state and then release it at specific times to perform specific duties. Indeed, as RACK1 is substantially more abundant than the proteins with which it is known to interact (10-fold greater than Scp160 and 100-fold greater than Gpa2p, Pkc1p, or Knr4p [27] ), its localization at ribosomes could temper this stoichiometric overabundance by decreasing the effective concentration of RACK1 available for interaction in the cytosol. Disruption of RACK1's position at the ribosome would increase the effective concentration of free RACK1 in the cell, in turn perturbing pathways in which RACK1 is involved. At the other extreme, RACK1 might perform its functions on the 40S subunit itself, allowing kinases, signaling proteins, or other interacting partners to directly engage with the ribosome to regulate and affect cellular processes.
This first scenario would suggest that ribosome-bound RACK1 is not competent for some of its cellular functions and that there is a means of regulating the portion of free and ribosome-bound pools of RACK1 in the cell, both of which are supported by previous research. As an example of the former, RACK1 was recently shown to play the role of the ␤-subunit of the heterotrimeric G-protein coupled to the glucose-sensing G-protein-coupled receptor Gpa2 in yeast (44) . In this case, homology to other heterotrimeric G-proteins would place the G␣-anchoring partner to RACK1 on the ribosome-facing side of the protein (18, 22) . However, our own modeling suggests that the possibility of these three interacting simultaneously would result in steric clashes (data not shown). Furthermore, such an interaction would orient the ribosome so as to collide with the cell membrane. Thus, it seems likely that RACK1's G␤ function occurs when it is not associated with the ribosome, and thus some functions of RACK1 are restricted to the free form of the protein. There is also evidence in yeast that cells may have the ability to alter the distribution of free and ribosome-associated RACK1 in specific situations. For example, during stationary phase in yeast, RACK1 shifts out of ribosomes and into the cytosol (6) . Although the precise mechanism of this shift is unknown, the binding data we have presented show that the placement of two negative charges along the binding platform is sufficient to shift the majority of the protein into the cytosol in vivo. This raises the exciting possibility that phosphorylation or other modifications of the protein in this region could provide a means of modulating the ratio of free and ribosome-bound pools of RACK1 in the cells in response to environmental cues.
However, there are also compelling data that RACK1 has functions in translational control, providing evidence in favor of the second proposed mechanism, in which RACK1 functions directly on the 40S subunit. RACK1 has been suggested to play a role in 40S and 60S subunit joining in vivo by facilitating the phosphorylation of the 60S-associated eukaryotic initiation factor eIF6 by protein kinase C (8). RACK1 depletion experiments hint at a role for the protein in recruiting specific messages to ribosomes in both Schizosaccharomyces pombe (29, 36) and mammalian cells (31) . Furthermore, RACK1 is thought to regulate the translation of specific mRNAs in S. cerevisiae by recruiting the mRNA binding protein Scp160 and its associated messages to the ribosome (6) . Finally, the fact that RACK1 interacts with intermembrane integrin-␤ receptors (9) could allow for the positioning of ribosomes at specific sites within the cell for localized translation.
In light of these mechanistic possibilities, how do we interpret the phenotypes we have observed in this study? The ribosome localization-specific sensitivity to calcofluor white, indicative of a defect in cell wall integrity, is most consistent with a direct role for RACK1 at the ribosome. In this case, RACK1 might play a role in regulating the translation of genes involved in cell wall upkeep, and so removal of RACK1 from its position at the ribosome would then result in the failure of RACK1 to regulate translation of these genes. Similarly, the importance of RACK1 localization for the association of Scp160 with polysomes also points to a direct role for RACK1 on the ribosome. Our data establish that Scp160 associates with ribosomes more effectively when RACK1 is present at ribosomes than when it is not, implying that RACK1 acts as a scaffold for the interaction between ribosomes and Scp160.
Given the diversity and sheer volume of functions for RACK1 in the cell, the majority of research concerning RACK1 to date has considered its functions within distinct categories that involve signaling or the ribosome exclusively. However, the duality of RACK1 as both a signaling scaffold and a ribosomal protein requires us to consider the functional interplay between its two roles. The additional dimension of RACK1 functionality we have established here brings these two disparate aspects of RACK1 function together and lays a precedent for the importance of determining the ribosome localization dependency of RACK1 function in all its roles in the cell.
